body in sharks and a regionalized body with a pivoting neck joint and rigid trunk armor in arthrodires. Their evolutionary importance hinges on whether eubrachythoracid musculature is specialized or primitive relative to that of sharks. Placoderms appear to be a paraphyletic segment of the gnathostome stem group (3, 4) , so if any components of eubrachythoracid musculature can be shown to be general for placoderms, they can also be inferred to be primitive relative to the crown group. The status of the shallow myoseptal curvature cannot yet be determined in this regard, but the muscles of the neck joint and abdomen have specific skeletal associations that allow such phylogenetic inferences to be drawn.
Most ostracoderms, a grade of jawless stem gnathostomes (2) (Fig. 1A) , have head shields that also encompass the shoulder-girdle region (2) . This suggests that the gnathostome shoulder girdle originated through subdivision of the shield. Almost all placoderms have a mobile joint between the skull and shoulder girdle, implying the need for elevator and depressor muscles such as those observed in eubrachythoracids. Thus, a cucullaris operating this joint, antagonistic to specialized epaxial head elevators, is probably primitive relative to the crown gnathostome condition of a cucullaris without specialized antagonists that forms part of a broadly flexible neck.
The transverse abdominal muscles of eubrachythoracids are not as directly tied to a skeletal structure with an identifiable mechanical function. Comparison with those of a recent elephant shark indicates that these muscles are not homologous with any muscles of the pelvic fin or male clasper (supplementary text). However, the transverse abdominals may modulate shear forces between the armor and the laterally undulating body during tail-propelled swimming. A long ventral armor is also present in antiarchs, recovered as the most primitive placoderms in several recent analyses (3, 4, 15) . Transverse abdominal muscles may thus be an attribute of the placoderm segment of the gnathostome stem group and, hence, primitive relative to the absence of such muscles at the base of the gnathostome crown group.
Outside of placoderms, transversely oriented abdominal muscle fibers are restricted to tetrapods and have been regarded as a tetrapod autapomorphy (16) . Their associated connective tissues and tendons are derived from the somatopleure component of the lateral plate mesoderm (17) , which plays an important role in hypaxial myogenesis (18) . In lampreys, the posterior lateral plate mesoderm is not separated into splanchnic and somatopleuric components (19) , meaning that it cannot give rise to somatopleure-derived structures such as paired fins. The presence of paired fins in placoderms shows that separation of somatopleure and splanchnopleure had occurred, supporting the inference that their transverse muscles may have been patterned by the same somatopleure-based mechanism as in tetrapods.
The arthodires of the Gogo Formation reveal an elaborate regionalized musculature, including the earliest and phylogenetically deepest examples of several muscle types. Particularly surprising is the extensive development of transverse-fiber muscles in the ventral body wall, which parallels the condition in tetrapods. Hypothetical reconstructions are not able to recover the full complexity of this musculature, either on the basis of biomechanical analysis or phylogenetic bracketing, and are thus liable to give a false picture of muscular evolution at the origin of gnathostomes. The study of exceptionally preserved fossils will continue to provide essential data for the reconstruction of vertebrate soft anatomy, particularly in groups with no close living relatives. their care. We thank I. Montero Verdú for his picture of the muscle bundles ( Fig. 3D) A recent dramatic increase in seismicity in the midwestern United States may be related to increases in deep wastewater injection. Here, we demonstrate that areas with suspected anthropogenic earthquakes are also more susceptible to earthquake-triggering from natural transient stresses generated by the seismic waves of large remote earthquakes. Enhanced triggering susceptibility suggests the presence of critically loaded faults and potentially high fluid pressures. Sensitivity to remote triggering is most clearly seen in sites with a long delay between the start of injection and the onset of seismicity and in regions that went on to host moderate magnitude earthquakes within 6 to 20 months. Triggering in induced seismic zones could therefore be an indicator that fluid injection has brought the fault system to a critical state.
Oklahoma, Arkansas, Ohio, Texas, and Colorado ( Fig. 1 ) (3) (4) (5) (6) (7) . Although most injection wells are not associated with large earthquakes, the converse is not true. At least half of the 4.5 moment magnitude (M w ) or larger earthquakes to strike the interior of the United States in the past decade have occurred in regions of potential injectioninduced seismicity (table S1). In some cases, the onset of seismicity follows injection by only days or weeks (1, 3, 5) , and the association with pumping at particular wells is clear. In others, seismicity increases only after months or years of active injection (4, 8, 9) . A long delay before seismic activation implies that faults may be moving toward a critical state for years before failure. However, currently there are no reliable methods to determine whether a particular field has reached a critical state other than by simply observing a large increase in seismicity. This lack of diagnostics is a key problem in developing operational strategies to mitigate anthropogenic activity (2) .
Because induced seismic zones are brought to failure by increased pore pressures, we examined whether areas of induced seismicity show a high susceptibility to dynamic triggering by the small transient stresses carried by seismic waves from distant earthquakes. Dynamic triggering in natural settings has been linked to the presence of subsurface fluids, and seismicity rate changes have been shown to depend systematically on the perturbation stress (10) (11) (12) (13) . This suggests that dynamic triggering could serve as a probe of the state of stress in areas of wastewater injection. We refer to earthquakes that are promoted by anthropogenic activity as induced and to earthquakes that are initiated by transient natural stresses as triggered. By this definition, there can be triggered induced earthquakes.
A search of the Advanced National Seismic System (ANSS) earthquake catalog gives preliminary evidence that induced seismic zones are sensitive to dynamic triggering by surface waves (Fig. 1 ). Regions of suspected induced seismicity showed a pronounced increase in 3. (Fig. 1) . Most of the triggering is at three sites: Prague, Oklahoma; Snyder, Texas; and Trinidad, Colorado. Suggestively, each of these regions went on to host mod-erate to large earthquakes (4.3 to 5.7 M w ) within 6 to 20 months of the strong triggering.
Although the triggering is significant at the 96% level (table S2) , a closer investigation is warranted. We therefore enhanced the catalog by applying a single-station matched filter to continuous waveforms (14) . The matched-filter approach identifies small, uncataloged earthquakes based on their similarity to target events (15) (16) (17) . Distinct families of earthquakes are distinguished based on the difference in P and S wave travel times (S-P time), which gives the approximate radial distance from the seismic station (15) .
The Cogdell oil field (8), located near Snyder, Texas, hosted a seismic swarm in September 2011 that included a 4.3 M w main shock (supplementary text). The enhanced catalog shows that the Tohokuoki earthquake triggered a significant number of earthquakes (14) at this site ( Fig. 2 and table S2 ). In fact, the rate of earthquakes within the 10 days after the Tohoku-oki earthquake was the highest observed over the entire study duration (February 2009 to present), excluding the days immediately after the 4.3 M w main shock. The triggered earthquakes show a swarm like signature, typical of fluid-induced earthquakes (18) , with the largest of the triggered events (3.8 M w , ANSS) occurring after 2.5 days of smaller events (Fig. 2C) . The much earlier February 2010 Maule earthquake did not trigger at Snyder, nor did the post-swarm April 2012 Sumatra earthquake.
Prague, Oklahoma, experienced three 5.0 M w and greater earthquakes in November 2011, associated with fluid disposal in the Wilzetta field (supplementary text) (4). The enhanced catalog shows that the February 2010 Maule event triggered a strong sequence of earthquakes near the eventual epicenter of the first 5.0 M w earthquake ( Fig. 3 and table S2 ). The rate of earthquakes in the several days after the Maule trigger far exceeds that of any other time within the period of observation, up to the M w ≥ 5.0 earthquakes themselves, which is similar to the observation at Snyder. There are no events detected within T32 km relative distance for at least 4 months before the 2010 Maule earthquake.
The largest event in the remotely triggered sequence is a 4.1 M w , 16 hours after the 2010 Maule earthquake, which may account for the large number of earthquakes that continued up to the time of the first 5 M w Prague earthquake in 2011 ( Fig. 3 ). If the 4.1 M w earthquake can be considered a foreshock of the subsequent 5.7 M w Prague earthquake, then the 5.7 M w event is not only one of the largest earthquakes to be associated with wastewater disposal (2) but also one of the largest earthquakes to be linked indirectly to a remote triggering event (4, 19) .
The April 2011 Tohoku-oki earthquake, which occurred during the ongoing sequence before the 5.7 M w Prague main shock, did not trigger additional earthquakes near the swarm ( Fig. 3 and  table S2 ). The 2012 Sumatra earthquake, on the other hand, followed the main 5.7 M w Prague earthquake by 5 months and triggered a small uptick in activity that was consistent with the far northeastern tip of the swarm (Fig. 3C ). However, this triggered rate change is much smaller than that triggered by the Maule earthquake in 2010.
Trinidad, Colorado, experienced a seismic swarm in August 2011 that included a 5.3 M w main shock, possibly related to coal-bed methane extraction and reinjection of the produced water in the Raton Basin (supplementary text). The February 2010 Maule earthquake triggered a small but statistically significant response near the site of the 5.3 M w main shock ( Fig. 4 and table S2 ). Although the total number of triggered events is small (four), the binomial probability of observ- Stacked earthquake counts in the 10 days before and after the three ≥8.6 M w remote earthquakes. The histogram excludes the Guy, Arkansas, swarm, which dominates event rates at the time of the 2011 Tohoku-oki earthquake but did not trigger (supplementary text). ing this many events in 1 day after the trigger, given five events in the entire previous year, is less than 10 −5 .
The March 2011 Tohoku-oki earthquake, which occurred during the active portion of the swarm, did not trigger additional seismicity at Trinidad. The 2012 Sumatra earthquake occurred 8 months after the 5.3 M w Trinidad main shock and triggered a moderate surge in activity that was consistent with the far edge of the swarm, where previous swarm activity had not occurred ( fig. S2 ). This pattern-strong triggering by the first remote earthquake, none by the second, and marginal triggering after the swarm-is very similar to that observed in Oklahoma.
We examined several other regions in the United States that have experienced moderate magnitude earthquakes or heightened seismicity rates linked to fluid injection, including Guy, Arkansas; Jones, Oklahoma; and Youngstown, Ohio. None of these other regions appear to have responded to remote triggering (supplementary text).
The strongly triggered regions were exceptional in that they had a long history of pumping within 10 km of the eventual swarms yet were relatively quiet for much of that history. At other sites of induced moderate earthquakes (Guy, Arkansas, and Youngstown, Ohio), the lag time between the start of pumping and onset of seismicity was as little as months or weeks, presenting a relatively small window of vulnerability to dynamic triggering before the swarms.
The delay in induced seismicity in some regions could be due to complexities in the local geology (supplementary text). In Oklahoma, injection occurred into a fault-bounded pocket, and pressures may have built up slowly over time because of the size of the reservoir bounded by impermeable faults (4) . The Cogdell field may have similar isolated pockets, formed by discrete carbonate reefs buried within impermeable shales (8) .
Fluids have been suggested as an important component in dynamic triggering since early observations showed preferential triggering in active volcanic and hydrothermal systems (13, 20, 21) . Some features of our observations are also suggestive of a fluid mechanism for triggering. First, in all of the studied cases the triggered earthquakes occurred with a small delay with respect to the passage of the seismic waves, initiating within less than 24 hours and continuing for days to months afterward. This pattern suggests a triggering mechanism that relies on dynamic permeability enhancement and transport of fluids (22, 23) , as has been suggested for natural triggered seismicity (20) (21) (22) . In this scenario, stress transients alter the permeability of hydraulic conduits in the reservoir, accelerating diffusion of pore pressure into local faults. Fractures in active injection reservoirs may be particularly susceptible to this mechanism because the injection of unequilibrated fluids may lead to clogging through mineralization and sedimentation. A brief pressure transient may then flush out these clogged fractures (22, 24) .
In Prague and Trinidad, only the first of two large remote events caused earthquakes, despite imparting dilational and shear strains that are similar to subsequent events (table S4) . This is also consistent with the permeability enhancement model, which requires a certain amount of recharge time between triggering episodes (24) . After local fault slip is triggered, the local permeability rises dra-matically because of microfracturing and dilation (25) , promoting further fluid diffusion over several rupture dimensions (26) . Hence, once the seismic swarm is underway the fractures may not return to a state in which they are susceptible to unclogging by small transient stresses.
We find that certain areas of fluid injection are sensitive to small changes in stress associated with the passage of seismic waves from remote large earthquakes. The observations suggest several requirements for an induced region to be sensitive to remote triggering. First, all of the triggered sites in this study had a long history of regional subsurface injection over a period of decades. Second, each triggered site was near to hosting a moderate magnitude earthquake, suggesting critically stressed faults. Last, each site had relatively low levels of seismicity rate in the immediate vicinity (10 km) before the first triggering episode. Remote triggering can therefore indicate that conditions within an injection field have crossed some critical threshold, and a larger induced earthquake could be possible or even likely. This underlines the importance of improved seismic monitoring in areas of subsurface fluid injection.
